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HUNTING THE HIGGS

It's the missing piece of the particle physics gezand it could tell us a great deal about thevEirse we live in.
Leading theoretical physicists Gordon Kane and avtainous Super String theoretical physicist Edvi#itien explain
why they’re convinced that the Higgs particle istjwaiting to be discovered.

PREHISTORIC humans long knew about electromagnetisrat least of its manifestations. Lodestones,
rocks that exert natural magnetic forces, were knimnancient times. Likewise, it was known that fur
sometimes makes sparks when it is rubbed andigfmihing at times lights up in the sky. And of ceair
photons — are detected all the time by the human ey

By contrast, to discover even the existence ofitbak interactions, which are responsible for certai
forms of radioactive decay, took late 19th-cengeience. Studying them in detail required the tetdgy
of the 20th-century.

Yet when theoretical understanding of the weakr&utigons finally dawned in about 1970 with the
rise of the standard model of particle physicbeitame clear that electromagnetism and weak itinac
are two sides of the same coin. In the very earlyarse, just after the Big Bang, they were equadiwerful
and prominent. The difference between them arosetapeously when the Universe expanded and cooled.

What does this mean, in plain language? For arogpathink about the Earth. The North Pole is
cold, while central Africa, on the equator, is hbhis is not because there is an inherent diffexrdratween
the North Pole and Africa. Rather, it results fritte Earth’s motion. The Earth’s climate is detemulify
the way it revolves around the Sun, and rotateissaaxis; because of this motion, the North Poleigsd
and the equator basks in sunshine.

To pursue the analogy, we might think of the Nétthe as being analogous to the basic particles
that transmit the weak interactions while the eguit similar to the photon, which is the basict umi
guantum of light. In the standard model of partggsics, nature is built out of elementary buitdbiocks,
such as electrons and quarks. Forces betweenlpsmi® transmitted by other particles, such asopispthe
carrier of the electromagnetic forces, and W amédicles, the basic particles that transmit thakve
interactions.

Humans have lived on the equator for as long ashhge existed, and have always known about the
light. In contrast, the North Pole and the effexftthe W and Z particles were out of reach for nadst
human history. The North Pole was only reachedxpjogers early in the 20th-century; discovering e
and Z particles required a sophisticated partictekerator that was built at the European Laboydtmr
Particle Physics (CERN) near Geneva in the ear8p49

While the motion of the Earth singles out the Nd?tile as being frigid and hard to reach, what
makes the weak interactions inaccessible? The ieadhanswer is that the W and Z particles are massnd
travel only a very short distance, too short tacpee without modern technology, while the photen i
massless and can travel a long way.

But why is this?

According to the standard model of particle physdiles difference comes because of something
called the Higgs particle, named after Peter Higgs, of the originators of the underlying idease Higgs
particle is the quantum of a new field called thiggs field, which was zero in the very early Unse&rbut
turned on as the expanding Universe cooled — giftemotion of the Earth emerged when it condenséd
of dust and gas surrounding the early Sun.

Which way the Earth moves determines which is tbeiNPole. Which way the Higgs field turns on
determines which particles — the W and Z — aredessible, and which one — the photon — is obvibus i
daily life.

The weak interactions really are weak, while lightbvious all around us, so there must really be
something in nature that plays the role of thgopsed Higgs patrticle.

According to the standard model, the Higgs pariglene of the elementary building blocks of natlike
electrons and photons, and in fact it is one oftlest important ones because its role in detergininat
the real world looks like: allows us to see light bot to see the W and Z particles without the ol
modern science.

More elaborate alternatives to the standard moalet lalso been proposed, in which the Higgs
particle is made by combining other entities thhateven more elementary, roughly as the protoraeidenout



of quarks. In these theories, several hypothetieal particles and forces are postulated to doaihé¢hat the
Higgs particle does in the standard model.

Is the standard model picture of the Higgs particdeect, or will one of the more elaborate theorie
win out? We won't know until experiments decides uestion.

But, probably in common with most particle phydigisve would bet that the standard model picture
of a simple Higgs patrticle is basically correctefdare three main reasons for this. First, almibsther
aspects of the standard model, apart from the Higgscle, have been spectacularly confirmed by
experiment, while competing theories have repegtedt into trouble.

Second, the standard model Higgs approach worlkalfthve particles, while other approaches typictil
for some. Third, unlike its rivals, the standarddelchas offered an effective standard point fofiedifield
theories, and string theories, that seek to preleper into nature.

These theories are attractive but unproven. Oue i®hat, along with discovering the Higgs
particle, experimental physicists will in the comiyears begin exploring this deeper level.

The standard model is tested most directly by acathg particles to very high energies, letting
them collide, and comparing the results to the t®@eedictions. Such experiments have been doae in
variety of laboratories in Europe (CERN and DES¥emburg), the US (especially SLAC in California
and Fermilab near Chicago), and Japan (the KEKrédbry).

One reason for confidence in the standard modtd orrect prediction of the existence and mass
and other properties of some previous unknowngasti the W and Z particles, the top quark, andahe
neutrino. Also, numerous standard model predictfongetails of elementary particle reactions hbgen
tested successfully. For example, tens of milliohZ particles have been produced and studied cesdye
at the Large Electron Positron (LEP) accelerat@BRN. They behaved in accord with the standardeinod
to a very high degree.

Sometimes, before a particle is actually discoveteexistence and the energy required to produce
it can be inferred from the theory plus other expents. This is possible because the standard nédel
mathematical theory that describes many thingseg¢,0s0 one can predict the outcome of some expetim
once other experiments have already been done.

For example, in building the proton collider th&étadbvered the W and Z particles, CERN new just
what energy was needed.

The masses of the W and Z particles had been @dfersing the standard model theory plus

experiments already performed. By Einstein's foeiiE mc2, the mass of a particle determines the energy
required to produce it. In building an acceleraitas a great advantage to know exactly what gnirg
needed, since the cost increases rapidly withnieegy.

The discovery of the heaviest known elementaryiglarthe top quark, provides a more recent example
predicting the mass of a new particle from expentaat lower energy. Found by Fermilab in 1995, it
weighs about 175 GeV. By comparison, the protonsnmabout 1 GeV, and the W and Z weigh about 80
and 90 GeV respectively.Experimental physicistscdes for the top quark for almost 20 years before
finding it. The standard model said that there toelde a top quark, but it's mass couldn't be ptedion
theoretical grounds alone, and there were also etingptheories without top quarks. Just like thgdsi
particle today, until the top quark was actuallgeived, its existence was very likely but not & ghing.
When experimenters first searched for the top qubdy hoped it would weigh only 10 or 20 GeV ared b
discovered quickly. Accelerators kept raising egetgoking for top quarks, and not finding themné&lly,
the tests of the standard model became so préeitene could infer that the top quark must weigiuad
170 GeV. Fermilab finally reached the energy anmdieity that was needed to find such a heavygoark,
and it was duly found.

Just as the top quark mass could not be prediobed theory alone, neither can the Higgs mass. Gan w
deduce the mass of the Higgs particle from thebrg pxperiments already done? Up to a point, tissvan
is yes. From the standard model tests, one canwitie extremely high confidence that the Higgstiose
weighs less than about 200 GeV, and less than dls@uGeV with high confidence. Direct experiments
have swept through roughly half of the expectedjeast masses. When they cover the rest, we (and
probably most but not all of our colleagues) expleetHiggs particle to appear.

How far is has experiment reached? The best expatahbound on the Higgs particle mass is that it
is at least 113.5 GeV, assuming the validity ofgtendard model. This measurement was made by the
extraordinary successful LEP collider, which alaaried out many of the most accurate standard model
tests. When the final stage of LEP was built, isweapected to search for Higgs particles up tonangy of
about 105 GeV. By straining everything to the lirhiEP searched for the Higgs up to 113.5 GeV.

Famously, in the closing stage of the LEP prograimint was found of a discovery of the Higgs
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particle with a mass of very nearly 115 GeV. Uniasdtely, LEP did not quite have the energy anchsitg
to establish this conclusively or rule it out. Se will have to await future experiments.

Thus the motivation for proving the existence ofdiéi particles is as strong or stronger than ever,
and there is very good indirect evidence, that theyn fact exist. Just as direct observation efttp quark
remained elusive until facilities with sufficiemiergy and intensity were available, so it is nowHmgs
particles.

Where will the next results come from? At presérg, highest energies in the world are attained at
the Tevatron collider at Fermilab, which recendgumed operation after an upgrade to provide nmbeese
particle beams. If it performs as planned, it Wwél able to discover Higgs particles up to aboutG8y
within several years, and hopefully confirm or extd by 2004 the hint from LEP.

Beyond the Tevatron, the next big step in enerdlyomme with the commissioning of the Large
Hadron Collider (LHC) at CERN, scheduled for 206s expected to have roughly seven times thegner
of the Tevatron collider and considerably morensteparticle beams. The LHC will cover the wholegea
of Higgs particle masses up to 200 GeV and far héy8hould the Higgs particle be found, or whatever
does the job that it's supposed to do, whethethiésstandard model theory of the Higgs particé gioves
to be correct or one of its competitors, will bstéel at the LHC completely.

Finding and studying the Higgs particle and expigiihe standard model at yet higher energies
makes an exciting mission. And the properties efHiilggs particle will point to new developmentsefdis
a good chance that the LHC, and possibly the Tematvill actually do much more than we have so far
suggested. To explain why, we must explain thelttéason for surmising that the standard modelyhei
the Higgs particle will prevail: it seems to oftle best starting point for unifying the forcesature.

The standard model describes three of the forcaatofe: electromagnetism, the weak interactions
and the nuclear force. It omits only gravity. Witie help of the Higgs particle, the standard moésktribes
the electromagnetic and weak interactions as tdessnf the same coin.

Can we go further and build a unified field theofyall three standard model forces? A beautiful
strategy for doing so was proposed almost 30 yagwsn the “Grand Unified Theory” of Howard Georgi
and Sheldon Glashow, which drew on earlier workbgesh Pati and Abdus Salam. The precise
measurements performed since then have given aortam hint that such a unification is indeed prése
nature. In fact, as explained in the following piet



, the strengths of the three standard model facegust right to make grand unification work.

But there’s another catch. For grand unificatiomtirk, one also needs to assume supersymmetryxflaie
supersymmetry properly is a subject for anotheclartBut in brief, supersymmetry is an enrichmehEinstein’s
theory of special relativity to include quantumiabtes in the structure of space-time. It relabesquarks and electrons
to the particles that transmit the forces. It peesihew particles, partners for the particles weaaly know, that should
be discovered at the Tevatron and LHC and futwiitfes such as a linear electron collider. Itesf a window to
grand unification and beyond that to the even naonbitious string theory, which may unify gravitpag with the
other forces. Supersymmetry affects the detaitseafches for Higgs patrticles but not the geneesl.id

If supersymmetry is discovered, it will put physasa new level. It will enable experimenters tdkemanany
important and exciting measurements and give atliodee whole idea of grand unification and deépsights
beyond that.
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